Viviparous1 (Vp1) encodes a B3 domain-containing transcription factor that is a key regulator of seed maturation in maize. However, the mechanisms of Vp1 regulation are not well understood. To examine physiological factors that may regulate Vp1 expression, transcript levels were monitored in maturing embryos placed in culture under different conditions. Expression of Vp1 decreased after culture in hormone-free medium, but was induced by salinity or osmotic stress. Application of exogenous ABA also induced transcript levels within one hour, in a dose-dependent manner. The Vp1 promoter fused to GUS or GFP reproduced the endogenous Vp1 expression patterns in transgenic maize plants, and also revealed previously unknown expression domains of Vp1. The Vp1 promoter is active in the embryo and aleurone cells of developing seeds, and upon drought stress, was also found in phloem cells of vegetative tissues, including cobs, leaves and stems. Sequence analysis of the Vp1 promoter identified a potential ABRC, consisting of an ACGT-containing ABRE (ABA response element) and a CE1 (coupling element 1)-like motif. Electrophoretic mobility shift assay (EMSA) confirmed that the ABRE and putative CE1 components specifically bound proteins in embryo nuclear protein extracts. Treatment of embryos in hormone-free MS medium blocked the ABREprotein interaction, while exogenous ABA or mannitol treatment restored this interaction.
Introduction
Angiosperm embryo development involves three overlapping phases (West and Harada, 1993) . Embryo pattern formation occurs in the early morphogenesis phase.
During the maturation phase, macromolecular reserves such as storage proteins, lipids and carbohydrates are synthesized and accumulated. During the final stage, tissue growth and development is arrested, embryos acquire the ability to withstand desiccation, and may enter dormancy. Mature embryos remain metabolically quiescent until favorable conditions trigger germination. The proper control of maturation and germination transition is crucial for plant survival in nature and is also of great agronomic importance because of its relationship to dormancy and pre-harvest sprouting (reviewed in Gubler et al., 2005) .
Plant hormones are central regulators of the dormancy-germination transition.
Abscisic acid (ABA) is well known to promote seed dormancy and repress seed germination, while gibberellic acid (GA) functions antagonistically to trigger seed germination (Kucera et al., 2005) . During the maturation phase of seed development, ABA induces the expression of many maturation-associated genes such as Lea (late embryogenesis abundant) genes (Marcotte et al., 1989) . Mutants deficient in ABA production or sensitivity fail to enter quiescence, resulting in precocious germination or vivipary, accompanied by the reduction of maturation-associated gene expression.
VIVIPAROUS1 (VP1) is a B3 domain-containing transcription factor that is central
to the regulation of seed maturation in maize (McCarty et al., 1991) . Mutations in vp1 result in kernels with reduced sensitivity to ABA, which fail to undergo normal maturation and germinate viviparously (McCarty et al., 1989) . In addition, vp1 mutants fail to activate the anthocyanin regulatory gene C1, resulting in an unpigmented aleurone cell layer (McCarty et al., 1989) . The Vp1 gene can complement the abi3 mutant phenotype in Arabidopsis, which is similarly blocked in seed maturation (Giraudat et al., 1992; Suzuki et al., 2001 ).
Studies of ABA induction of gene expression identified the ABRE (abscisic acid responsive element), a cis-acting promoter element with an ACGT core sequence, which is required for the ABA induction of many plant genes (reviewed in YamaguchiShinozaki and Shinozaki, 2005) . Proteins that bind ABREs belong to a group of bZIP transcription factors including Arabidopsis ABI5 and rice TRAB1 (Hobo et al., 1999b; Finkelstein and Lynch, 2000; reviewed in Jakoby et al., 2002) . TRAB1 acts synergistically with ABA and OSVP1 to induce Osem expression in rice protoplasts (Hobo et al., 1999b) . TRAB1 is phosphorylated in response to ABA, which is essential for it to induce reporter gene expression (Kagaya et al., 2002) .
Although multiple copies of ABREs confer ABA inducibility to a heterologous promoter, a single copy ABRE is not sufficient for expression. In many promoters, a second cis-acting element called a coupling element (CE) is required to form an ABA responsive complex (ABRC) (Busk and Pages, 1998; Singh, 1998) . Two types of coupling element have been identified, CE1 and CE3 (Shen and Ho, 1995; Shen et al., 1996) . Together with their corresponding ABREs these elements form ABRC1 and ABRC3, respectively. ABRC1 and ABRC3 show differences in spacing requirements between the ABRE and CE (Shen et al., 2004) , and in their transactivation by overexpressed VP1. ABRC3s found in maize rab28 (Busk and Pages, 1997) and in barley HVA1 (Shen et al., 1996) are transactivated by VP1, while ABRC1 in barley HVA22 is not (Shen et al., 1996) . VP1/ABI3 and ABA regulate the expression of overlapping sets of genes, including many that require both VP1/ABI3 and ABA (Suzuki et al., 2003; Nakashima et al., 2006) . VP1 regulates transcription through several mechanisms. VP1 can activate the expression of genes such as maize C1 through the direct binding to Sph/RY elements via the B3 domain (Suzuki et al., 1997) . The activation of ABA inducible genes such as Em is mediated by indirect interaction with ABREs via bZIP transcription factors, such as TRAB1 (Hobo et al., 1999b) . The transcriptional activation functions appear to require the amino-terminal acidic domain of VP1 (McCarty et al., 1991; Bobb et al., 1995; Rojas et al., 1999) . On the other hand, functional VP1 was required for the full repression of germination related α-amylase expression in aleurone cells. Further, this repression was independent of the amino terminal acidic activation domain, indicating that VP1 also functions as a transcriptional repressor (Hoecker et al., 1995; Suzuki et al., 1997; Hoecker et al., 1999) .
While substantial work has been done on the mechanisms by which VP1 and ABA regulate seed maturation, the regulation of Vp1 expression is largely unknown. In Arabidopsis, the LEC1, LEC2, and FUS3 genes have pleiotropic effects on embryo development and maturation, and promote ABI3 expression (Kagaya et al., 2005; To et al., 2006) , though it is not known whether that regulation is direct. Here, we show that in mid-maturation phase embryos, maize Vp1 expression is sensitive to ABA, salinity and osmotic changes. β-glucuronidase was placed under the regulation of a Vp1 promoter fragment (Vp1::GUS) and stably integrated into maize. The transgene displayed the expected Vp1 expression pattern and revealed unknown expression domains in vegetative tissues under stress conditions. Analysis of the Vp1 promoter region further demonstrated the nuclear protein binding potential of an ABRC, which might mediate the regulation of Vp1 expression by ABA. Our data also point to positive feedback self-regulation of Vp1 expression in maturing seeds.
Results

ABA, salt and osmotica induce Vp1 expression in cultured embryos
Vp1 is expressed in mid to late phase embryos and in aleurone cells of maturing maize seeds (McCarty et al., 1989) . To test whether physiological conditions regulate Vp1 expression, we performed semi-quantitative RT-PCR on cultured embryos. Under our growth conditions, Vp1 expression in normal embryo development reached peak levels at around 20 DAP (data not shown). Therefore, 20 DAP embryos were dissected out of developing kernels and cultured in hormone-free liquid MS medium. A reduction in Vp1 expression became apparent after eight hours and continued to decline to barely detectable levels at 48 hours (Fig. 1A) . By 24 hours, expression was greatly reduced and embryos were released from dormancy and showed visible signs of germination.
Because VP1 functions in ABA regulated processes, we checked whether Vp1 expression was regulated by ABA. Whereas Vp1 transcript levels decreased substantially after 24 hours in hormone-free culture, the Vp1 expression level in embryos cultured with 10 µM or 100 µM ABA was nearly as high as in freshly isolated embryos, indicating that exogenous ABA maintained Vp1 expression (Fig. 1B) . As 10 µM ABA was sufficient to maintain Vp1 expression in embryos, this concentration was used in subsequent experiments. It was possible that ABA could maintain, but not induce, Vp1 expression. In a similar experiment in barley, the decline in HvVp1 expression was attributed to an indirect effect of embryo germination in hormone-free medium (Hollung et al., 1997) . To test this possibility, embryos were cultured in hormone-free medium for 24 hours to decrease Vp1 expression levels, after which ABA was added to the medium for various incubation times. After one hour of treatment with ABA, Vp1 expression returned to levels nearly as high as those of freshly harvested embryos, demonstrating that ABA can induce de novo Vp1 expression (Fig. 1C) . We next examined the dose response of Vp1 expression to ABA. Vp1 expression was slightly induced by 0.1 µM ABA and increased to a plateau at 10 to 50 µM (Fig. 1D ). These data indicate that physiological concentrations of ABA can induce and maintain Vp1 transcript levels in maturation phase maize embryos.
To address whether the ABA induction of Vp1 expression requires de novo protein synthesis, 20 DAP maize embryos were cultured without hormones for 24 hours, then 20 µM cycloheximide was added to the medium to inhibit protein synthesis. After 20 minutes of cycloheximide treatment, 10 µM ABA was added and embryos were further cultured for one hour. The cycloheximide treatment did not inhibit the induction of Vp1 expression by ABA (Fig. 1E) , indicating that ABA induction of Vp1 expression in cultured embryos does not require de novo protein synthesis.
During the seed maturation phase, embryos accumulate storage reserves and develop desiccation tolerance. As such, embryos are subjected to a milieu of high concentrations of sugars, metabolites and osmotica. We hypothesized that Vp1 expression might be regulated by these physiological factors and so examined the effects of sucrose, mannitol and salt on Vp1 expression. As shown in Figure 1B , Vp1 expression was maintained or induced in embryos cultured with 500 mM NaCl, 20% sucrose or 20% mannitol. Vp1 expression was also maintained or induced with 200 mM NaCl, 7% sucrose and or 7% mannitol (data not shown). Thus, salt and osmotic stress can maintain or induce Vp1 expression in maturation phase embryos. We also checked the effects of other hormones known to be involved in seed development by applying exogenous GA3, IAA and ACC (a precursor for ethylene synthesis). No effects on Vp1 expression were detected with these treatments and no interaction was observed between ABA and IAA or ACC (data not shown).
Vp1 promoter isolation
To further study the regulation of Vp1 expression, 958 bp of Vp1 5' sequence was obtained by sequencing a genomic clone from the W22 inbred line (GeneBank accession number DQ886030). Like sorghum, the maize Vp1 promoter lacks a canonical TATA box (Carrari et al., 2001a) . To locate the start of transcription, 5'-RACE PCR was performed on mRNA from 20 DAP embryos. Vp1 transcription showed variable start sites within a 30 nucleotide region. Nine of 13 cloned RACE-PCR products identified the major transcription site, which was set as position +1, with other starts occurring at -7, -4 and +22. Thus the 958 bp includes 891 bp of 5' promoter sequence and 67 bp of transcribed 5' UTR.
The rice Osvp1 and sorghum Sbvp1 promoter sequences were obtained from NCBI and, along with the maize Vp1, subjected to phylogenetic footprinting to predict conserved cis-regulatory elements (Sandelin et al., 2004) . A ACGT-motif resembling an ABRE was identified at position -84 to -75 in maize. Another motif resembling a CE1 was located at -24 to -16. With 50 intervening nucleotides, this spacing follows the multiples-of-10 rule, suggesting that these elements might function together as an ABRC (Shen et al., 1996) . The striking sequence conservation suggests that the putative ABRC may be similarly involved in ABA regulation of Vp1 in these three species.
To confirm that the 958 bp of genomic Vp1 promoter sequence contained all the regulatory elements necessary for normal transcriptional regulation, the promoter was fused to GUS or GFP and stably introduced into transgenic maize lines. Endogenous Vp1 is expressed by 10 DAP in maturing embryos and aleurone (McCarty et al., 1989; Miyoshi et al., 2002) and the expected expression pattern was observed for both GFP (Fig. 2 , A-C) and GUS (Fig. 2, D-F) reporter genes. In developing embryos, GUS activity was detected in the transition embryo from around 7 DAP, although GUS staining was not detectable in aleurone cells at this stage (Fig. 2D) . After 10 DAP, GUS stained strongly in embryos and in aleurone cells, but not in starchy endosperm cells (Fig. 2, E and F). In embryos, GUS staining was strongest in the outer layer of the scutellum. Thus the 958 bp promoter is sufficient to reproduce the normal expression pattern of Vp1.
Vp1 expression is induced in vegetative tissues by stress
Because Vp1 expression is inducible in embryos by ABA and stress, we examined Vp1::GUS carrying plants to test whether transgene expression could be observed in stressed vegetative tissues. Under normal growth conditions, GUS activity was hardly detectable in transverse sections of Vp1::GUS transgenic stems (Fig. 3A) . However, GUS activity was readily detected in the vascular tissues of stem and leaf segments that had been desiccated by 6 hours of air drying (Fig. 3B) or treated with 0.6 M sucrose (Fig.   3C ). We then examined transgene expression in different tissues and found that upon desiccation or drought stress, GUS activity was detected in the vascular tissues of all aerial stems, including ear pedicels (Fig. 3D) . Stress induced Vp1 expression in vascular tissues was restricted to the phloem companion cells (Fig. 3, D 
-G). The expression of Vp1
in phloem cells was further confirmed by in situ hybridization of endogenous Vp1 mRNA in transverse sections of mature stems (Fig. 3F ,G). Vp1::GUS expression was also detected in germinating seeds but in established plants, no expression was observed in roots, shoot apical meristems or in floral organs (not shown).
Nuclear proteins interact with elements of the Vp1 promoter containing ABRC1
Sequence analysis showed that the Vp1 promoter contains a conserved 8-bp element with the sequence GCCACGTG, which is predicted to be an ABRE. To test whether this fragment is a nuclear protein-binding site, a 29 bp oligonucleotide containing the putative ABRE was synthesized as a probe for an EMSA experiment. A major slowly migrating band was observed using nuclear protein extract from 20 DAP embryos, indicating that the oligonucleotide had bound nuclear protein(s) (Fig. 4A ). An unlabeled fragment outcompeted the retarded band, while an unrelated DNA fragment (VPO4) or poly dI-dC could not, indicating that the binding was specific (Fig. 4A , and data not shown). To determine which bases are important for the binding to the nuclear protein(s), serial mutations were synthesized (M1 to M7) and used as competitors in an EMSA experiment. The mutations in GTCGCCACGTGTG, which includes the ABRE, impaired the ability to compete with the wild type probe. The CGT to AAG mutation in M3 completely abolished the competition capacity (Fig. 4, C and D) , and radioactively labeled M3 did not produce a shifted band (data not shown). Thus, the putative 8-bp ABRE appears necessary for in vitro binding to nuclear protein(s) from developing embryos.
Because Vp1 is expressed in aleurone cells (McCarty et al., 1989) , the ABRE fragment was also tested for binding to nuclear proteins extracted from 20 DAP aleurone cells. As shown in Figure 4B , EMSA produced two distinct shifted bands of comparable intensity, indicating that this element could bind to nuclear proteins from aleurone. This result differs from that obtained in embryos, where only one major shifted band was observed. This suggests that aleurone cells might contain different, or additional, ABREbinding factor(s) than embryos.
In natural promoter contexts, ABREs usually function in multiple copies or form ABRCs with CEs (Shen et al., 1993; Shen et al., 1996) . Examination of the Vp1 promoter identified a CE1-like core sequence (CCACC) located 50 bp downstream of the ABRE.
To determine whether this core sequence is a potential nuclear protein-binding site, an EMSA experiment was performed on 20 DAP embryo nuclear protein extract using a synthesized 28-bp oligonucleotide (CE1) as a probe. CE1 bound to nuclear protein(s) resulting in a shifted band. The binding was outcompeted by excess unlabeled CE1, but not by the unrelated VPO4 oligonucleotide, indicating that the interaction was specific (Fig. 5 , A and C).
A previous study showed that maize ZmABI4 bound to CE1 from a number of ABArelated genes (Niu et al., 2002 ). An A to T substitution in CCACC completely abolished the binding by ZmABI4. To determine the critical binding sites of the CE1 in maize Vp1, scanning mutagenesis was conducted and substituted versions of CE1 (CE1M1-CE1M8) were used as competitors in an EMSA. Surprisingly, a similar A to T (data not shown) or A to C substitution (CE1M4) competed with the probe, indicating that the oligo was still capable of protein binding, although the reduced competition compared to wild type suggests that protein binding was impaired (Fig. 5 , B and C). Similarly, CE1M3, which mutates the first two bases of the CCACC core, partially competed with the probe. Thus, it appears that the CCACC motif is not essential for CE1 binding to nuclear protein(s).
Rather, because other substitutions of CE1 failed to outcompete the probe, it appears that nucleotides outside this motif are more important for protein binding. Taken together, CE1-like element of maize Vp1 does not appear to have the same binding activity as other previously described CE1s.
ABA or osmotic stress induce nuclear protein interaction with the ABRE
To further explore the possible basis for ABA or osmotic stress regulation of Vp1 expression, an EMSA experiment was performed using an ABRE probe on nuclear protein extracts from treated or untreated 20 DAP embryos. As shown in Figure 6 , 20 hours of culture in hormone-free medium greatly reduced the binding capacity of the extract, compared with extract from freshly harvested embryos. Applying 100 µM ABA or 20% mannitol in the medium restored the binding capacity comparable to extract of embryos from intact seeds. This result is consistent with the ABRE contributing to the regulation of Vp1 expression by ABA or osmotic stress. A similar EMSA experiment was performed on CE1, but no difference in binding was observed among the treatments (data not shown).
Feedback regulation of Vp1expression
VP1 functions as a transcriptional activator required for the response of many ABAinducible genes (Suzuki et al., 2003; Nakashima et al., 2006) . Since Vp1 itself is ABAinducible, we tested whether VP1 was required for regulation of its own expression in late embryogenesis. For this, we generated plants hemizygous for the Vp1::GUS transgene that were segregating 1:1 for normal Vp1 + /vp1 and mutant vp1/vp1 kernels. A sample of aleurone tissue from each kernel was stained for GUS activity to verify the presence of the transgene, and the embryos from GUS positive kernels were subjected to fluorometric MUG assays (see materials and methods). As shown in Figure 7 , VP1 protein is not required for Vp1 expression because vp1 mutant embryos showed substantial GUS activity. However, the GUS activity in the normal embryos was two-to three-fold higher than that in the vp1 mutant embryos, indicating that Vp1 expression is positively regulated by a VP1-dependent feedback mechanism. Surprisingly we did not observe ABA induction of GUS activity in these embryos.
Discussion
During late stages of seed development, plant embryos undergo maturation, acquire desiccation tolerance and achieve quiescence. VP1, along with ABA and other factors, is required for the regulation of these processes in maize. Maize Vp1 is expressed from before 10 DAP to very late in seed development (McCarty et al., 1989; Niu et al., 2002) .
In developing rice embryos, Osvp1 and Osem expression is positively correlated as early as 6 DAP (Miyoshi et al., 2002) . Under our growth conditions, maximal Vp1 transcript accumulation was observed around 20 DAP (not shown). This coincides with the peak in ABA accumulation, although ABA levels subsequently decline while Vp1 transcript levels remain relatively high (McCarty et al., 1989; White et al., 2000; Niu et al., 2002) . Taken together, these data unambiguously demonstrate that the maize Vp1 transcript is induced by ABA in cultured embryos.
The accumulation of Vp1 transcript was also induced in embryos by NaCl, sucrose and mannitol. While it remains possible that sucrose might regulate Vp1 expression through either sugar or osmotic signaling, the effect of mannitol on Vp1 expression clearly indicates that an osmotic stimulus is capable of inducing Vp1 expression. Given the normal environment of developing embryos, it is not surprising that osmotic or sugar stimuli could induce a maturation associated gene.
At this point it appears likely that regulation of Vp1 by ABA might occur at both the transcriptional and post-transcriptional levels. Endogenous Vp1 transcript levels were clearly and consistently induced by ABA, while GUS expression was not induced in embryos carrying the Vp1::GUS transgene. In transient assays, we observed only modest reporter induction by ABA, and whether induction was observed was inconsistent from experiment to experiment (data not shown), suggesting that perhaps additional, as yet undefined, factors influence transcriptional regulation. Post-transcriptional and posttranslational regulation have been reported for ABI3 (Zhang et al., 2005; Bassel et al., 2006) . In vegetative tissues, stress induction of the Vp1::GUS reporter clearly indicates that regulation occurs at the transcriptional level.
Although ABA and osmoticum are able to induce or maintain Vp1 expression levels, transcript abundance is nonetheless somewhat higher in embryos freshly harvested from intact seeds. This suggests that additional extraembryonic seed factors are involved in promoting Vp1 expression in maize kernels. In tomato, signaling from extraembryonic seed tissues was also reported to regulate LeABI3 transcript levels, because expression in isolated embryonic axes was lower than in intact seeds (Bassel et al., 2006) .
Like sorghum, the maize Vp1 promoter lacks a canonical TATA box (Carrari et al., 2001 ). The Sbvp1 promoter was also reported to lack a canonical CAAT box. The maize Vp1 promoter has only one potential CAAT box located approximately 400 bases 5' to the start of transcription (not shown). Most CAAT boxes are located 60-100 bases upstream of the transcription start and it is questionable whether a CAAT box in this atypical position would be functional. Either way, it would be unusual because TATAless promoters are usually dependent on CAAT boxes for activity (Mantovani, 1998) .
One common feature of TATA-less promoters is that the transcription start sites are variable (Achard et al., 2003; Chow and Knudson, 2005) . Using 5'-RACE PCR, we identified a major transcription start site and several ancillary ones.
In the Arabidopsis ABI3 promoter, there are three ORFs in the 5' UTR, which negatively regulate ABI3 expression. Removing these ORFs dramatically increased the promoter activity and expanded the expression domain to roots (Ng et al., 2004) . We identified a region conserved among the Vp1 5' UTRs from maize, rice and sorghum (not shown) but we did not find similar ORFs in the conserved region or any other region of the 5' UTR of maize. This suggests the mechanisms of Vp1 and ABI3 regulation might differ between maize and Arabidopsis.
Since ABREs are present in many ABA-inducible genes, it is not surprising that a predicted ABRE was identified in the Vp1 promoter. The EMSA and mutagenesis experiments supported the prediction and further determined that the canonical ABRE core (CCACGTGT) was essential for binding nuclear proteins. Culture in hormone-free medium greatly reduced the binding capacity of the embryo nuclear extract to the ABRE.
In contrast, ABA and osmotic stress restored the ABRE protein interaction. A similar result was also reported in barley, where ABA, salt and mannitol increased the protein binding capacity to an ABRE-containing fragment of Lea B19.1 (Hollung et al., 1997) .
Considering Thus, VP1 appears to function in ABA regulation through both types of ABRC.
A distance with a multiple of 10 bases between CE1 and the ABRE appears to be important for ABRC1 function (Shen et al., 2004 help to better understand the mechanisms that regulate seed maturation and germination, and how the seed maturation program is coupled to seed development.
Materials and methods
Plant materials
The B73 
5' RACE-PCR
Total RNA was isolated from 2 grams of B73/W22 hybrid embryos at 20 DAP using a hot phenol method (Schmitt et al., 1990) . PolyATtract mRNA Isolation System II (Promega) was used to prepare mRNA according to the manufacturer's protocol. 5' RACE cDNA was synthesized from 200 ng mRNA using the SMART RACE cDNA Amplification Kit (Clontech). PCR amplification was carried out with 2.5 µl 5'-RACEready cDNA in a 50 µl reaction system. The amplification products were purified with QIAquick PCR Purification Kit (Qiagen) and cloned into pBluescript (Stratagene).
Plasmid DNA was prepared from thirteen individual clones and sequenced at the Iowa State University DNA facility.
Bioinformatic analysis of the Vp1 promoter
The maize 
Analysis of transgenic lines carrying promoter Vp1::GUS or GFP transcriptional fusions
Transcriptional fusions comprised 958bp of the Vp1 promoter fused to the maize sh1 intron, GUS or GFP, with a Nos terminator. Stably transformed maize plants were generated according to Gutierrez-Marcos et al (2004) , and transgenic lines were backcrossed into A188 and W22 for a minimum of three generations.
Visualization of GFP reporter gene expression in thin-cut hand sections of maize seeds was achieved using a Zeiss LSM510 META confocal laser-scanning microscope with a 405nm argon laser. GUS detection in developing seeds was performed as described in Costa et al (2003) , although sections were counterstained with Periodic Acid 
Electrophoretic mobility shift assay
The nuclear protein extracts were prepared from 20 DAP embryos or aleurone by isolation of nuclei using a glycerol based method (Dorweiler et al. 
GUS activity assay
Homozygous vp1 Protein concentration was determined using Bio-Rad Protein Assay system (Bio-Rad).
Fluorometric MUG (4-methylumbelliferyl-b-D-glucuronide) assays were carried out essentially as described (Kosugi et al., 1990) . Briefly, 100 µl protein extracts were added to pre-incubated 600 µl 1mM MUG in 1X CCLR with 20% methanol; 100 µl reaction mixtures were added into 900 µl 0.2M Na2CO3 at various time points. The 4MU were read on a Synergy HT plate reader (Bio-Tek inc.). The relative GUS activity was normalized according to the protein concentration. 
